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S Y N 0 PSI S
The results of a research program to investigate the ultimate
strength of composite steel and concrete members are reported. These
results along with information on the 4ltimate strength of various types
of mechanical shear connectors are used to develop criteria for minimum
shear connector requirements for composite building members, The effect
of slip between concrete slab and steel beam is shown to have no measur-
able effect on the ultimate moment of a member, A method of determining
the ultimate strength of members ~i~h very weak shear connectors is
developed and applied to the analysis of test results, This method of
iv
analysis is used to establish a definite minimum number of shear connectors
to be useq in pesign. It is shown that the redistribution of load on shear
conn~ctors at high load makes it unnecessary to space shear connectors in
accordance with the shear diagram. One test of a continuous member is
presented to show that not only ultimate strength theory but plastic
design theory can be applied in a limited way to composite members,
A research program was initiated at
..
l
..~
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1, I N T ROD U C T lOoN
Prior to the adoption of the "Specification for the Design,
Fabrication and Erection of Structural Steel for Buildings"l by the
American Institute of Steel Construction in 1961, the design of composite
beams consisting of a steel member and a concrete slab was based upon the
elastic approach developed for the 1957 revision of AASHO "Standard
Specifications for Highway Bridges ,,2
Lehigh University in 1959 under the sponsorship of the American Institute
of Steel Construction to develop a more suitable design approach for
building members where the problem of fatigue does not exist. For building
members, the solution need not be restricted to elastic concepts, There-
fore the testing program was planned so that the ulti~te strength of
members could be carefully investigated,
Elastic design has been found to possess certain shortcomings in
both reinforced concrete design and steel design. These shortcomings still
exist when the two materials are combined into a composite member, One
additional disadvantage of elastic design occurs with regard to the design
of shear connectors, Elastic design concepts are not able to provide an
answer to the question of what is the minimum number of shear connectors
required in a composite member which will carry only static loading .
Efforts to solve the problem of shear connector design resulted
in refinements of simple beam theory as it pertains to composite members.
Theories for incomplete interaction in composite members were developed by
,.
J
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3investigators in America and abroad. The concept of incomplete interactipn
has added greatly to the understanding of composite action and has been in-
valuable as a research tool. The effect of slip between steel section and
slab in the elastic range can be evaluated by this theory. Unfortunately,
the evaluation of stresses considering incomplete interaction is very in-
volved and requires information which is not available to the designer.
For these reasons, it has never resulted in an economical shear connector
design approach.
The semi-empirical formulas for loads on shear connectors which
first appeared in the 1957 AASHO "Standard Specifications for Highway
2
Bridges" were based upon limiting the slip between steel member and slab
ok
to a certain value which has been found to be safe for fatigue loading.
These same values with a more libe~al factor of safety have been used in
3
other specifications for building design However, because of the original
method of determining these values it was not possible to determine in a
rational manner how liberal a factor of safety could be used in building
design.
It was therefore necessary to consider the ultimate strength of
these members to find an answer to the problem of what is the least number Ok
of connectors that is adequate for a composite member. The method of cal-
culation of the ultimate strength of composite members is not new, but the
use of this approach for the design of shear connectors was developed from
the research program described in this paper.
The experimental work for this program consisted of testing twelve
simple span composite members of 15 1 -0" span, one continuous two-span member
279.15 -3
also having 15'-0" spans, and nine pushout specimens. All members con-
sisted of a concrete slab 4 inches thick by 4 feet wide connected to ~
12 ~ 27 beam with mechanical shear connectors. None of the conclusions of
this report necessarily pertain to encased composite members. The ultimate
strength of m~mbers tested by other investigators has been considered in
order to present additional date in support of the conclusions reached.
Ok..
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.2. E X PER i M E.N TAL PRO G RAM
The twelve 15 feet simple span members tested are described in
Fig. 1, and are designat~d ~sB~ through B12. The continuous member
-4
designat~d ~s B13 consisted of two spans of 15'-0" with the same cross
section. ,The. shear connectors provided in each beam are listed in Table 1
along with the concrete strength for each ~ember. Tests performed in this
investigation ~or wh~ch the results qave not been previously published are
identified by an asterisk in the Reference Number columns of Tables 1, 3a,
and 3c. T~e lo~4ing conditions for the tests of these members and the
tests performed.by other investigators are given in Fig. 2 and Table 2.
The data obt~in~d for maximum applied moment, type of failur~, maximum
cpnnector force, and maximum end slip are also given in Table 2.
I~ will be ~otic~. that some of the twelve members in this prQgram
were tes ted several times. The procedm;e' in these· tes,ts was to load the
..' I
member up to a point at which strains on the tqP of the concrete slab at
midspan indicated tha~ crus~ing of the concrete was imminent. Then the
member was unloaded and loaded again with the load points further apart.
The ultimate moment data for only the last of such tests is used in the
an~lysis. Jt is not known to what ext~~t previous loadings may have
slightly reduced ~he final. ultimate moment.attained. However, the results
for ultimate moment from these tests are conservative.
Nea~ ul~imate l~ad it is impossible to determine the loads o~ the
shear conne~tors by m~asurements such as slip between beam and slab.
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Measurements of strain on the surface of the connector
I
ar~since
~.,
-5
t
I
~
maximum load per connector may occur after yielding of the connector material,
Therefore a~other means of determining the maximum force which a connector can
resist must be u~ed, Mo~t investigators have used a pushout specimen such as
the one used in this inves~igation and shown in Fig, 3. Nine of these were
I
tested in this investigation. +he results of these tests will be discussed
in a later section of the report.
279.15
3. U L TIM ATE S T R ENG THO F ME M B E R S
Assuming that a sufficient number of shear connectors have been
provided, the static ultimate strength of the member may be determined
from a familiar simplified stress distribution. As shown in Fig .., 4, this
stress distribution is similar to that assumed in determining the ultimate
strength of reinforced concrete members. In Fig. 4, f~ is the 28-day
concrete strength, f y is the yield strength of the steel, and a is the
depth of the compressive stress block in the concrete when that depth is
-6
~
I
less than the slab thickness. The dimensions of slab width, slab thickness,
and beam depth are b,.t, and d respectively. The total compressive force
in the concrete slab is designated by C and the total tensile force i.n the
beam by T. Any compressi.ve force which may exist in the steel beam is
designated by C'. The moment arms from T to C and C' are e and e ' .
Composite members may be conveniently divided into two cases as
indicated in Fig. 4. Case I includes all members in which the area of the
concrete slab is sufficient to resist the entire compressive force C
required for equilibrium. Case II includes all members in which the con-
crete area is not sufficient and the top flange of the steel beam is
stressed to f y in compression. The steel member may consist of a rolled
section, built-up section, or a steel joist. Regardless of the dimensions
of the cross section, the ultimate moment may be calculated by the following
equations:
279.,15
~,,:
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Case I: C = 0. 85fd b,~. ( 1)
T = As f y (2)
C = T
~ f yj As (3) 01<a = 0,85f~ c
~ + t a (4)e = -2 2
Cd
-D (5)Mu = T~ = As f y "2 + t
Case II: C = 0.85 i~ bt
T = C + C 1
2
Mu=Ce+C e
(6)
(7)
(8)
In these equations ~ is the ultimate moment and As is the total area of
the steel section. For Case II, the values of e and e' are dependent upon
the shape of the cross sectio~.
The assumption that the concrete does npt act in tension has been
made for this calculation. Hence at sections where negative moment occurs,
only the steel member plus the slab reinforcing steel arecon~idered. If
slab steel is neglected, the ultimate moment of the section reduces to the
plastic moment of the steel member.
The ultimate st~ength has been determined assuming that a sufficient
01<
number of shear connectors has been provided to completely develop the con- OK
crete slab. It ~hp~ld be noted that elastic design methods do not neces-
sarily ins~re that this condition is satisfied. ht....~ bL d5{.....~J
tlv's ..se.t:-!/()Y[
"I
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In tests of members it was found that some m~mbers reached the
ulti~t~ load predicted by ~he above theory while qthers did not) -the
differ~nce between these members being only a difference in the number of
shear connectors. Obviously a means of finding tqe minimum number of
shear connectors requireq was needed.
-8
"\
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4. U L TIM ATE S T R ENG T H
o F SHE ARC 0 NNE C TOR S
The minimum shear connector requir~ment may be defin~d by con-
sider~ng a free body of a portion of the concrete slab between the cross
section at ultimate moment and the end of the member as shown in Fig. 5.
The force C is resisted by the forces,~Au or the sum of the u1ti~te
strengths of th~ shear connectors in the ~ength of slab Ls · This provides
-9
a means of determining the force on a shear con~ector in a beam at ultimate
load only when the member has more than the minimum number required. It
will be shown that the ultimate strength of a member with less than the
minimum requirement can be determined once the mini~um numb~r is ~nown
for that member.
·'Ev,en though previous investigators had ignored the ultimate
strength of conne~tors, their work ~ap produced some reliable data on this
property. Pushout test data was more readily available t:Qan beam test
data because beam tests of ~em~ers with t~e minimum numper of connectors
h~d not been made by other~. Unfortunately not all of the pushout test
data avai1ab~~cou1d be ~sed because the true ultimate strength qf a con-
nector was not obtained if the concrete slab was not adequately re~~r~e~
or ~f the ooncrete strens~h was not adequate. The data that~d~~ tJl-f"1afe- .fh~fA or&4JMt.-"hrl.
~has been arrang~d in Table 3 in the order of decreasing magnitude of
the ultimate loa4 per cQnnector for welded studs, sp~ra1 and channel
connectors. The scatter in the ~ata is in part due to the lack of a
279.15 -10
standard pushout specimen. Also it was found that considerable care in
alignment of a specimen was necessary to obtain consistent results.
The data for welded studs was analyzed by fitting a semi-empirical
curve of the form previously used to specify allowable loads on shear con-
nectors. It was generally observed that a concrete strength of 3000 psi
was sufficient to develop the full strength of those types of connectors
tested. Theref~re, concrete strengths higher than 3000 psi do not increase
the ultimate strength of connectors, but concrete strengths lower than
3000 psi may reduce connector strength.
The ultimate stress in ksi for welded studs is plotted as ordinate r
with the height divided by diameter of studs as abscis~a in-Fig. 6. The
t·
maximum values for a concrete strength pf 3000 psi are!given. The empirical
formulas derived in this investigation for the ultimate load per connector
are:
qu = 220Rds ~
for studs with Rids less than 4.1 and:
(9) OK.
(10)
.
for studs with Rids greater than 4.1, where R is the height of the stud
and ds~s the diameter of the connector. In no case should qu be taken a&
greater than the ultimate tensile strength of the connector material. For
concrete strengths of 3000 psi or higher, the tensile strength of connector
material is a convenient value to use.
In a similar manner the ultimate strength for spiral connectors
may be determined. Available test results are given in Table 3b and
. '-.
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plotted in Fig. 7 and an empirical formula for the ultimate strength of one
turn of spiral is given as:
,,4f71qu = 8000ds 'Jfc (11)
This formula is of the same form as used for spiral connectors in elastic
design. The value of a turn of spiral should never be taken as higher
than twice the tensile strength of the spiral material.
The treatment of channel connectors is restricted to an empirical
approach using a formula similar to the familiar elastic design formula
for allowable load on this type of connector. Data points are given in
Table 3c and test results and formula are plotted in Fig. 8. The formula
written in the form for ultimate strength of one connector becomes:
qu = 550(h = 0.5t) w ~ (12)
•
.where h is the average flange thickness, t is the web thickness, and w is
the length of channel.
The values given in the "Specification for the Design, Fabrication dk.. ..
and Erection of Structural Steel for Bui ldings II of the American Ins ti tute
of Steel Construction ,for a concrete strength of 3000 psi are indicated by
the dashed lines in Figs. 6, 7, and 8. The dashed lines were obtained
using a factor of 2.5 with respect to the ultimate values.
Three formulas given above were used to determine the ultimate
strength of shear connectors in the beam tests with the exception that the
concrete strength at the time of test rather than the 28 day strength was
used for f~. The tensile strength of the connector material was taken as
the limiting value for studs and spirals. The tensile strength of studs
was taken as 70 ksi, and the tensile strength of spirals as 60 ksi.
.\
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5. A N A L Y SIS 0 F B E A M T EST S
The importance of bond and friction in transmitting shear forces
was first evaluated. by testing two beams, designated Bl and B2, which had
.' ..
-12
no shear connectors. In both members shrinkage of the concrete caused bond
failure and the only shear force acting was due to friction caused by
applied loads on the top flange. These frictional forces increased the
ultimate moment of member B2. by approximately 7% above the plastic moment
of the steel beam. This amount of shear transfer was assumed to be
negligible in the analysis of beam test results. It was also assumed that
.slip which is the basis of elastic analysis could be ignored in ultimate
strength analysis.
It is therefore not necessary to consider whether or not the
interaction between steel beam and concrete slab is complete or incomplete
as defined in the literature on elastic analysis. To avoid confusion with
elastic analysis the terms lIa dequate ll and lIinadequate ll were adopted to
refer to the shear connection. The shear connection is lIadequate ll if the
sum of the ultimate strengths of the shear connectors in the shear span
is equal to or greater than the maximum compressive force in the slab at
the point of maximum moment, or stated by formula:
(13)
The term lIinadequate ll is used whenever the sum of the ultimate strengths
of the shear connectors is less than the maximum compressive force in the
slab, or stated by formula:
~ qu = < C (14)
279.15
All available test results of composite beams were evaluated
using Equations 13 and 14. These results are plotted in Fig. 9 with the
maximum test moment M divided by the theoretical ultimate moment Mu as
ordinate and the sum of the ultimate strength of connectors ~ qu divided
by the compressive force in the slab C as abscissa. The data plotted in
Fi.g. 11 is gi.ven in Table 4.
The curves of Fig. 11 show that the condition 2: qulc ::: 1.10 is
sufficient to insure tb..at the theoretll,cal ult:i.mate moment is attained.
The points plotted in Fig. 11 include tests with all three types of con-
=13
nectors. This clearly shows that the minimum shear connector requirement
is I.. qu = C for any composite beam~ and that thi.s requirement is dependent
only upon the ultimate strength of the shear connectors. This requirement
should be satisfied at every poi.nt on the span.
t u
1
---cp~
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6. U L TIM ATE. S T R ENG THO F . M E M B E R S
WIT H I N A D E QUA T E CON: N E C TOR S
It is possibl~ to write an empirical equation 9£ the sloping line
in the left portion of Fig, 11 whi~h WOUld g~ve a good approximation for
the ultimate strength of members with iqadequateshear connectors as
follows:
M/Mu = £. qu + 1.98C3C ( 15)
This equation helps to evaluate the degree of seriousness of a weak she~r
connection upon the u1tima~e strength of a member. However, this equation
can not be ext~nded to ~ll compa~ite sections, and a mo~e basic un~er-
standing of this problem is necessary,
In ~ests of members with inadequate sqear fonnectors, it was ob-
serveq that generally conn~ctors failed 9n1y after the maximum moment had
been attained, In cases whe~~ the connector stre~gth was greater than 80%
of adeq~ate, a flexural failure resulted without connector fai~ure.
Typic~l str~in me~surements ma~e on two members are shown in Fig. 12.
Compared in Fig, 12 are iden~ical members except that member B3 had
slightly less than adequate cqnnectors while B6 had approximately half
that number. ~tudy of these straiq diagrams and types of failures in-
dicated that the stress block in the concrete at maximum load was similar
to the concrete stres~ bloc~ in members with an adequate number of connectors.
279.15
A theory for the cal~ulation of tqe maxim~m bendin~ strength,
when shear conn~ctors are in~dequate, referred to as modified ultimate
I
strength ~ wa~ develop~d which exhibited good cqrrelation with test re-
sults. This theory is based upon the stress distribution shown in Fig.
-15
l~. From previous discussion, it is obvious that the compressive force in
the slaQ can not exceed the sum of the ultimate strengths of the shear
connectors. Equiliprium 9f the horizontal forces is established as in
Case II of Fig. 4 assu~ing that th~ steel is stressed to f y either in
tension or compre~sion. The modified ultimate moment may th~n be cal-
culated by the following for~ulas:
~ '" ~ qu (16)
a III 2. qu ( 17)
0.85fdb
As f s ~ L qu
C' III 2 (18)
,
CIe' (19)~u ... Ce +
The values of e and e' ~ust be ~etermined by considering the geometry of
the seCtion.
The value ofM~ has peen calc~lated for the test ~embers qaying
inadequate shear connectors and is given in Table 2. The quan~ity M/M~
or max~mum test momrnt div~ded by the modifi~d ultimate strength for
~ach member is given in Table 4. The test results considered from the
point of view of M/M~ ~nstead of M/Mu show better agreement with theoty·
fo~ many of the members M/~ was less than 1.0. The ~ollowing
reasons are offered to explain this:
1. Me~bers B3, B6, B7, B8, and B9 were tested
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several times and cumulative damage from previous
tests may have reduced the final result.
2. In m~mbers B6, B10, Bll, an~ B12 shear connectors
actually failed at maximum load.
3. Because of the scatter in the test results for
ultima~e strength of connectors, the value assumed
for a test member may have been too large.
4. No allqwance was made for th~ fact tha~ some of
the connectors may have peen inferior Qr previously
5. Connector failure may have been premature because
of cracks in the concrete slab produced in pr~vious
tests.
6. The percent~ge of reinforcing steel in the slab
influences crack width and also connector stre~gth.
+he percentage of slap reinforcement in test me~bers
cor~esponds only to ACI temperature steel requirements.
..
Members B10, Bll, ~nd B12 must be treated separately because of the type
of loading.
Elastic design of members supporting uniform loads resulted in
variable she~r connector spacing between the end of the member and mid-
span because th~ horizontal shear per inch is determined by:
v ~ VQ/I (20)
where v is the horizontal shear per unit length, V is ~he total applied
shear,Q is the statical moment of the transformed, area of the slab, and
I
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I is the moment of inertia of t~e composite section. When considering
the ultimate moment condition, spacing connectors in accordance with the
shear diagr~m does not seem to be necessary. Beams B1D and Bll were
tested with five equally spaced concentrated loads and with shear con-
nectors equally spaced. Beam B12 was identical except that it had an
equal number of connectors spaced in accordance with the shear diagram.
Results of the tests of these members in the form of applied mom~nt
versus midspan deflection are shown in Fig. 14. The difference between
the curve for B12 and the curves for B1D and Bll is so slight as to be
of no practi~al importance. It can therefore be concluded that the shear O~
connectors may be spaced uniformly regardless of the shape of the shear
diagram.
Members B1D, Bll, and B1Z did not reach the theoretical ultimate
moment primarily qecause of inadequate shear connectors. Also it should
be pointed out that the critical point in these members was not the
point of maximum moment but the section at the second concentrated load.
At this point the applied moment is 89% of midspan moment and the com-
pressive force in th~ slab is only slightly less than at midspan. Inthis
case the compressive force is res~sted by the shear connectors in the
shear span plus the tensi~e strength of the slab steel. This section
ra~her than midspan w~s critical in beams B1D and Bll.
279.15
7. I NFL U ENe E 0 F S LIP
-18
Previously, investigators have been greatly concerned about the
effect of slip on the completeness of interaction between slab and beam.
,'" '1-"'- f rtl-S .....:f- / ... v~S;h·J ....+·'O'"
This factor has b~en ignored~in considering the ultimate strength of
members. The maximum slip measured at the end of the beam will be used
in the illustrations which follow to show that slip is not a significant
parameter when considering the ultimate strength of members.
A careful record of slip was made on the three members B10, Bll,
and B12. Maximum end slip for these members is plotted as abscissa in
Fig, 15 with applied moment divided by theoretical ultimate moment
plotted as ordinate. The curves for these members with midspan deflection
instead of slip plotted as abscissa nearly coincided. However, there is
considerable difference in Fig, 15 between the curve for B12 and the curves
for BlO and Bll. At M/Mu of 0,80 the maximum end s lip for members BlO and
Bll is nearly three times the value of B12. However, at a higher load the
connector forces in the three members become redistributed, and the slip
of the three members becomes more nearly equal. This is somewhat analgous
to the redistribution of load which takes place in a riveted joint after
yielding of the rivets occurs, This further illustrates that the spacing
of connectors need not be in accordance with the shear diagram.
To further illustrate that slip is not an important factor at
ultimate load, consider the load versus maximum end slip curves of members
BI, BII, and BIll given in Fig. 16. In Fig. 16 the maximum end slip is
279.15
plotted as abscissa and the applied moment divided by the theoretical
ultimate mom~nt is p~otted as ordinate. All three of these members are
identical in cross section, concrete strength, and loading condition.
The members diff~red only in ~he n~mber of shear connectors in the shear
span although all members had more than ad~quate shear connectors, It
will be nqt~ced that all thre~ members reached the theoretical ultimate
strength. However, the maximum end sl~p of the member with the least
number of connector~ was approximately four times the maximum slip of the
member with the most conn~ytors. It should aleo b~ noted that the total
amount of slip shown, up to about 60% of ultimate moment in both Figs, 15
and 16, is less than 0,02 inch, This is ~ess than twice the thickness o~
the letter "1" on ~his page, an amount which cal). not be considered as
, ,
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disastrous structural d~mage, fpe engineer need not pay any attention O~
to this because it would nqt affect the strength of th~ beam. The slip
at working load in a non-composit~ beam could be ten times this amount.
The midspan deflection is plotted as ~bscissa for the same
.,
members BI, ~II, and BIll ~n Fig, 17 with the applied moment divided by
~he theoretic~l ultimate moment as ordinate, The thre~ moment versus O~
deflection curves near~y coincide throughout the loading range and ~n
fact do coincide at loads near ultimate. This further illustrates that
slip does not aff~ct ~he magnitude of the ul~imate moment provided that
the number of shear c<;mnectors is adequate. Whether or not this same
statement can be made with regard to members with inadequate shear con~
nectors has not been con9lusively shown,
279.15
8, CON TIN U 0 U S M E M B E R S
The design of comppsite construction might be made even more
economical by applying the concepts of plastic analysis along with ul-
timate strength design. To inve~tigate whether this application of
plastic design is feasible, one two-span continuous member designated as
B13 was tested. This member was identical to members Bl through B12 in
cross section and consisted of two fifte~n foot spans,
The ultimate strength of this member w~s d~termined using both
plastic analysis and ultimate stre~gth theory. The ultimate moment of
the positive moment region was taken as Mu of the composite section,
where~s the ultimate moment of the negative moment region was taken as
~~ the steel member plus the loqgitudinal slab reinforcement.
The me~ber was tested first by loading only one span at a time
and stopping the loading below ulti~te, Finally the member was tested
to failure with two concentrated loads on each span, Fig, 18 sho~s the
midspan deflection of both spans plotted as abscissa with the total ap-
plied load P divided by th~ theoretical load at collapse Pp ' The load
Pp was exceeded in the test even though the value of ~qu/C was only
0.888 for the ends and 0.978 for the interior portion of the two-span
member.
It was observed durin~ the tests of this member that wide cracks
formed in the negative moment region even at loads below working load.
~20
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A means of controlling this cracking should be employed in the design,
either in the form of an expansion joint or sufficient slab reinforcement
to distribute cracks along the member. However, in members where the
negative plastic hinge forms first, it appears that composite members could
be designed by plastic analysis. If built-up members were employed in
which the positive plastic hinge formed first, the rotation capacity of
the positive hinge could be insufficient to allow a mechanism to form.
279.15 -22
9. CON C L US I ON S
The ultimate strength of composite beams was carefully in-
vestigated, and this was used as a basis for the determination of ~he
minimum shear connector requirements for composite members. The fol-
lowing conclus~ons may be reached as a result of the testing program:
1. III timate strength analysis p1P0'Viaea 4. definite
-1-0 k~drJJOr"Jf.h--c.o..fe ~ot"NJ-N1- is
minimum shear connector requirement~based upon
the ultimate strength of shear connectors.
2. The ultimate moment of a member will be attained
provided the ultimate strength of the shear con-
nectors in the shear span equals or exceeds the
3.
compressive force in the concrete slab.
The shear connectors may be spaced uniformly r~- I O_j'~"--
~. '-/4. IAV
gardless of the shape of the shear diagram.
4. The ultimate strength of a member may be deter-
mined if the number of shear connectors is in-
adequate.
Ok 5. If ~he number of shear connectors is adequate,
slip does not affect the load versus deflection
curve within practical limits.
6. Composite members may be designed by plastic
analysis on a +imite~ basis.
•279,15 -23
10. A C K NOW LED G MEN T S
.This study is part of a research project entitled "Investigation
of Composite Design for Buildings" being carried out at the Fritz En-
gineeringLaboratory of Lehigh University under the general direction of
Dr. L. S. Beedle. The investigation is sponsored by the American
Institute of Steel Construction, and guidance for the projec~ is sup-
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Th~ following symbols have been adop~ed for use in this paper:
a = depth of concrete stres~ ~lo~k at ultimate moment
As
b
c
= ar~a of st~el member of composite beam( - I I )
= wid~h of the ~on~rete slab
• compressive force, in t,he concrete slab at ultimate moment
I' I
c' D co~pressive force in th~ steel beam at ultimate moment
t '
d = depth o~ the steel member
I
ds • diameter of stud or ~piral shea~ conn~ctor
e • d~stance between compressive force in t~e slab and tensile
force at ultimate moment
, '
e l distance between compressive force in the beam and tens~leI" I
force at ultimate moment
I 'I -" I
fy • yield strength of ~teel
f~ • concrete compressive strength a~ 28 days
h • th~c~ness of fl~nge pf a ~hannel shear connector
H • height of a stud ~hear connector
I • moment of inerti~ of the compos~te section
Ls = length of span from point of ma~imum ~ment to point of ze~o
mome,nt
M • applied mo~nt
I
= plastic ~meflt of a s teel secti~n
= theoretical ultimate moment
I
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M' = theoretical ultimate moment for member with inadequate
u
shear connectors
P = total applied load
Pp = theoretical plastic collapse load
qu = ultimate strength of a shear connector
qu = sum of ultimate strengths of all shear connectors in shear
span
Q = statical moment of transformed slab area
t = thickness of concrete slab
T = tensile force in the .gteel member
v = horizontal shear per unit length of member
v = total applied shear
w = length of channel shear connector
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TABLE 1. SUMMARY OF BEAM TESTS
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,
Specimen Reference Steel Size Test Type of Connector Concrete
Section Concrete Span Connectors Spacing Strength
Slab
(in. ) (psi)
B1 * 12 Vf 27 4 x 48 15'-0 11 None --- 3600
B2 * 12 Vf 27 4 x 48 15'-0 11 None --- 3600
B3 * 12 Vf 27 4 x 48 15 '-a II 1/2 11 studs 2 @ 7.5 3600
B4 * 12 Vf 27 4 x 48 15' -0 II 1/2 11 studs 2 @ .7.5 3600,
B5 * 12 Vf 27 4 x 48 15' -0 II 3 C 4.1 4 @ 20' 3600
B6 * 12 Vf 27 4 x 48 15'-0 11 1/2 II studs 1 @ 7.5 3600
B7 * 12 Vf 27 4 x 48 15 ' -0 II J/2 11 studs 2 @ .7.5 3337\
B8 * 12 Vf 27 4 x 48 15' -0 II 1/2 11 studs 2 @ 7.5 3337
B9 'it 12 Vf 27 4 x 48 15 '-0'1 3/4 11 studs 2 @ 15 3337
B10 * 12 Vf 27 4 x 48 15 '-a II 1/2 11 studs 2 @ 9 3595
B11 * 12 Vf 27 4 x 48 15'-0 11 1/2 11 studs 2 @ 9 3595
B12 * 12 W 27 4 x 48 15' -0 II 1/2 II studs Variable 3595
BI 5 8Vf 17 3 x 24 to '-a II 1/2 II studs 3 @ 5.5 5563
BII 5 8 Vf 17 3 x 24 10 ' -0 II 1/2 II studs 2 @ 5.5 5563
BIll· 5 8 Vf 17 3 x 24 10 I -0 II 1/2 II studs 2 @ 7 5563
B21S 6 21 'If 68 6.25 x 72 37'-6 11 4 C 5.4 I 6 @ 14.5 6480
B21W 6 21 "If 68 6.17 x 72 37'-6 11 4 C 5.4 4 @ 36 5580
B24S 6 24 'If 76 6.25 x 72 37'-6 11 41: 5.4 6 @ 14.5 5620
B24W 6 24 Vf 76 6.11 x 72 37'-6 11 4 [ 5.4 6 @ 18 5500 ;
Bridge 7 18 Vf 50 6 x 65.5 30 '-0 II 1/2 11 studs 3 @ 14 3280
1 8 8 'If 17 7.5 x 30 21' -0 II Spirals Variable 7380
2 8 8 Vf 17 7.5 x 30 21'-0" Spirals Var:iab1e 7040
3 8 8 Vf 17 7.5 x 30 21'-0 II Spirals Variable 7380
4 8 8 Vf 17 7.5 x 30 21 '-a" Spirals Variable 7040
*Tests performed in this investigation
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Member Test Type of Maximum Theoretical Values Apparent Maximum Maximum
Failure Test Mu Mu Connector Force End Slip
Moment
(*) (f) (kip-in. ) (kip-ino) (kip-ino) (kips per Connector) (ino)
B3 T2 A 2708 2880 -- 1204 (per 1/2" stud) 0.040
I4 A 2636 2880 -- 12.9- 0.077
T7 D 2514 2880 2647 1507 0.092
B4 T2 A 2571 2750 -- n.7 (per 1/2 11 stud) 00015
I4 A 2546 2750 -- 1205 00020
T8 D 2614 2750 2490 16.6 00126
B5 T2 A 2695 2880 -- 5401 (per 4 11 channel) 00029
T4 A 2758 2880 -- 7005 00046
III B 2418 2880 2401 7204 0.207
B6 I2 D 2416 2880 2440 1708 (per 1/2 II stud) 0.120
B7 T2 A 2506 27.30 -- 11.2 (per 1/2 11 stud) 0.059
T4 C 2554 2730 2691 1300 0.139
B8 T2 A 2618 2730 -- 1204 (per 1/2" stud) 0.035
T4 A 2.6.34 2730 -- 1400 0.063
T9 C 2491 2730 2557 1504 00129
B~ T2 A 2586 2730 -- 22.1 (per 3/4 11 stud) 0.040
I5 A 2514 2730 -- 2604 0.039
'flO B 2514 2730 2626 31.4 0.198
B10 T13 D 2596 2760 271.7 1302 (per 1/2 11 stud) 0.268
B11 I13 D 2556 2760 2717 1208 (per 1/2" stud) 0.199
B12 . I13 'D 2626 2760 2717 1306 (per 1/2 11 stud) 0.170
B1 I3 C 1178 1141 -- 700 (per 1/2 11 stud) 0.0044
B11 T3 A 1164 1141 -- 1006 (per 1/2 II stud) 000089
1'4 C 12.14 1141 -- 1201 0.0446
.BIll T3 A 1154 1141 -- 1304 (p'er 1/2 II stud) 000218
I4 A 1146 1141 -- 15.4 000712
I6 D 1085 1141 1051 1606 0.0925
B21S Tl C 12678 11920 -- 50.8 (per 4 11 channel) 0.0108
B21W I1 C 10057 11480 9589 91.7 (per 4" channel) 000775
B24S Il A 14100 13600 -- 54.3 (per 4" channel) 0.0068
B24W T1 A 13690 13710 -- 51.4 (per 4 11 channel) 0.0092
Bridge Tl C 16740 16455 -- 1304 (per 1/2" stud) 0.028
IFl Il2 C 2572 2.150 -- 17.0 (per 1/2" spiral) 0.0068
In . T12 A 2362 2i50 -- 15.6 (per 1/2" spiral) 000074
113 . T12 A 2272 2150 -- 1500 (per 1/2" spiral) 000040
Ift4 T12 A 2402 2150 \ -- 15.9 (per 1/2 11 spiral) 0.0096
*See Figo 2
fA Test stopped before failure
B Failure to carry additional load
C Crushing of concrete slab
D Tensile failure of connectors
E Failure by tensile cracking of slab
F Failure by connectors pulling out of concrete
...
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TABLE. 3a. ULTIMAtE SIRENGTH OF STUD CONNECWRS
Specimen Reference Stud type of H/d Type of Concrete Max. Qu1t. Shear.
Diameter Test Failure Strength ! Slip Stress
(in. ) (psi) (in. ) (kis)
2 9 1/2 Pushout 4.5 D 5000 -- 14.5 73.9
4A 10 1/2 Pushout 8.0 D 3840 0.163 14.4 73.5
4B 10 1/2 Pushout 8.0 D 4390 0.170 13.9 7009
B12-T13 * 1/2 Beam 4.5 D 3595 0.170 13.6 69.4
Bridge 7 1/2 Beam 3.8 C 3280 -- 13.4 68.4
. BlO-I13 .,.
'*
1/2 Beam 4.5 D 3595 0.198 13.2 67.3
B7-T4 * 1/2 Beam 4.5 C 3337 0.139 13.0 66.4
3 '9 1/2 Pushout 4.5 D 5000 -- 12.9 65.8
B11-l'13
'*
1/2 Bea.m 4.5 D 3595 0.199 12.8 65.4
P5
'*
1/2 Pushout 4.5 D 3600 0.265 12.1 61. 7
P6 * 1/2 Pushout 4.5 D 3680 0.290 12.1 61. 7
. P8
'*
1/2 Pushout 4.5 'D 3063 0.335 12.1 61.7,
Pl * 1/2 Pushout ,~, 5 ·D 3600 0.200 11.0 56.1
P4 * 1/2 Pushout 4.5 D 3600 0.190 10.4 53.0
SA 10 .5/8 Pushout 6.3 D 3790 0.319 23.8 76.8
5B 10 5/8 Pushout 6.3 ·D 4250 0.279 22.5 72 .7
6F 10 3/4 Pushout 6.7 D 4g00 0.364 34.8 79.1
6B 10 3/4 Pushout 5.2 D 4240 0.246 32.5 73.9
6A 10 3/4 Pushout 5.2 D 3870 0.382 32.0 72.8
6G 10 3/4 Pushout 9.3 D 4590 0.276 31.5 71.5
7H 10 7/8 Pushout 10.0 D 3440 0.278 45.0 81.3
*Performed ~n this ~nvest~gation
TABLE 3b. ULTIMA-IE STRENGTH OF SPIRAL CONNECTORS
Specimen Reference Spiral Type of Type of Concrete Max. Qu1t. Shear
Diameter Iest ,Failure Strength Slip Stress
(in. ) (psi) (ksi)
4A 10 1/2 Pushout D 2990 0.250 34.5 88.0
4B 10 1/2 Pushout D 2990 0.247 29.3 74.7
5B 10 5/8 Pushout E 3520 0.139 ~.4.0 72.0
5A 10 5/8 Pushout E 3520 0.190 43.7 71.5
2-1 11 5/8 Pushout D. 4540 0.047 42.9 70.1
2-2 11 5/8 Pushout D 3080 0.068 38.5 63.0 I
I
1-1 11 ,3/4 Pushout D 5120 0.023 58.3 66.2
6B 10 3/4' Pushout E 3250 0.075 54.9 62.2
6A 10 3/4 Pushout 'E .3250 0.088 52.3 59.3
..
1-2 U 3/4 Pushout E 2965 0.034 .51.1 59.0
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'fABLE 3c. ULTIMATE STRENGTH OF CHANNEL CONNEC1'ORS
Specimen Reference Size of Type of Type of Concrete Load per
Channel Test Failure Strength (in. )
B5
*'
3 t 4.1 Beam C 3600 18.1
3C 3H3 6 3 t 4.1 Pushout D 3920 14.9
3C 3H2 6 3 C 4.1 Pushout D 3310 12.6
P2
*'
3 C 4.1 Pushout E 3600 11.9
3C 3H1 6 3 C 4.1 Pushout D 2810 10.5
B21W 6 4 C 5.4 Beam C 558Q 22.9
4C 3W2 6 4 [ 5.4 Pushout D 4430 20.4
4C 3ell. 6 D 6320 19. :7
4C 3C9 6 D 5340 19.4
4C 3e10 6 D 5740 18.7
4e 3e7 6 D 4140 17 .1
4C 3eB 6 D 4770 16.4
4C 3F4 I) ]}I 4690 16.2
4C 3e6 6 TIl 3500 15.8
4C 3C5 6 D 3470 15.2
4C 3F3 6 D 4600 15.1
4C 3S2 6 E T970 15.0
4C 3W1 6 D 2810 15.0
4C 3c4 6 D 3140 13.2
4e 3e1 6 D 2010 12.5
4C 3F2 6 ·D 2650 12.4
4C 3F5 6 D 3080 1203
4C 3C2 6 D 2300 12.1
4C 3D2 6 D 3310 11.6
4C 3e3 6 D 2510 11.2
4e 3D1 6 D 2990 9.9
4e 3Fl 6 iJ it D 2580 9.6
4C 381 6. E 1340 8.0
4C 51'8 6 4 [ 1.25 Pushout ,.I'1. 5050 21.8
.4C 5'I7 6 D 4360 17.1
4C 4T 6 D 4010 16.4
4C 5F 6 D 2110 16.4
4e 5T6 6 D 3530 15.8
4C 5'f3 6 D 3130 15.1
4e 51'2 6 D 2910 14.5
4C 5'I4 6 D 3190 14.2
4C 5'1'5 6 D 3310 14.1
4e 5S 6 D 2720 14.0
4C 51'1 6 D 2300 13.2
5C 3H2 6 5 [ 6.7 Pushout D 3260 15.2
5C 3H1 6 5 L 6.1 Pushout D 3110 14.9
*Performed in this investigation
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I
TABLE 4. COMPARISON OF TEST RESULTS WITH Mu AND Mu
Beam Test Type of Failure l: qui C M/Mu MI IMu
B3-T7 D 0.772 0.873 0.950
B4-T8 D 0.722 0.951 1.049
B5-T11 B 0.437 0.838 1.006
B6-T2 D 0.473 0.838 0.991
B7":T4 C 0.897 0.936 0.950
B8-T9 C 0.717' 0.913 0.976
B9-TlO B 0.807 ,0.922 0.958
BlO-T13 D 0.888 0.941 0.956
B11-T13 D 0.888 0.926 0.944
B12-T13 , D 0.888 0.952 0.968
BI-T3 C 2.04 1.030 --
BII-T4 C '1.21 1.061 --
BIII-T6 C 0.760 o ~ 9 51 1.032
Bridge C 1.045 1.020 --
'.
B21S C 1.95 1.062 - -
B21W C 0.50 0.877 1.050
B24s A 1.59 1.036 - -
B24W A 1.41 0.998 --
No. 1 A 1.57 1.090 - -
No. 2 C ~ 1. 75 1.110 --
No. 3 A 1.72 1.052 --
No. 4 A 1.60 1.032 --
\
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